Introduction
In the past few decades, selenium (Se), which is an essential micronutrient, has attracted much attention due to its cancer chemopreventive properties in human health (1, 2) . Se exerts its biological functions through .20 selenoproteins in humans, such as glutathione peroxidases (GPxs) and thioredoxin reductases (3, 4) . Recent studies suggested that Se may reduce the risk of some cancers, particularly prostate cancer (5-7). However, a supranutritional intake of Se or a plasma Se level of at least 120 lg Se/litre may be required for reducing cancer risk (8) .
Increased genome instability is considered one of the fundamental causes of cancers (9, 10) . Se plays an important role in protection of DNA from oxidative damage through selenoprotein GPxs, which are scavengers of reactive oxygen species (ROS) (3) . However, the effect of Se on chromosomal stability remains largely unknown. Seleno-L-methionine (Semet) is one of the most important dietary forms of Se in humans and therefore is commonly used in cancer prevention studies (11) . However, excessive intake of Se-met is toxic (12) but its upper safety limit is not well defined currently.
The cytokinesis-block micronucleus cytome (CBMN-Cyt) assay is one of the best validated cytogenetic tests that can be used to measure chromosome breakage, DNA misrepair that leads to major chromosome rearrangements such as misrejoining of double strand breaks and chromosome malsegregation as well as necrosis, apoptosis and cytostasis (13) . With good reliability and reproducibility, this assay is widely used in the pharmaceutical industry as the gold standard of genotoxicity testing of clastogenic agents, in human biomonitoring of environmental exposures, preventive medicine and nutritional efficacy (13) . The genome damage biomarkers measured in the CBMN-Cyt assay in lymphocytes either were shown to be predictive of cancer risk in human populations or identified those smokers with a high risk of developing lung cancer in a case-control study (14, 15) . Therefore, this assay is a valid tool in studying the cytogenetic and potential cancer protective effect of Se-met in human peripheral blood lymphocytes.
The present study tested the genome toxicity and cytotoxicity effect of Se-met at a range of physiologically relevant concentrations of Se using a primary lymphocyte long-term culture model that previously had been shown to be sensitive to the genome-damaging effects of folate deficiency within the physiological range (16, 17) . In this study, we aimed to (i) define the safe dose range from the point of view of genotoxicity and cytotoxicity; (ii) determine the optimal concentration of Se-met for reduction of chromosomal damage and (ii) determine the optimal concentration of Se-met for improving resistance to c-radiation-induced genome damage.
Collection of blood samples and determination of Se For each volunteer, 18 ml of whole blood was collected by venipuncture into lithium-heparin vacutainer tubes (Vacuette, Austria). Blood was taken between 8 a.m. and 11 a.m. after an overnight fast and with only a light breakfast (i.e. a slice of toast without butter and one cup of coffee/tea with low-fat milk). Two millilitres of plasma was obtained from each sample by centrifuging 5 ml of whole blood at 1500 Â g for 20 min. Plasma Se level was measured at Waite Analytical Services using inductively coupled plasma mass spectrometry (ICP-MS) after acid digestion (19, 20) .
Lymphocyte isolation
Twelve millilitres of the blood sample was diluted with an equal volume of Hanks balanced salt solution (HBSS, Thermo) and mixed. To isolate lymphocytes, 8 ml Ficol Paque (Amersham Pharmacia Biotech, Sweden) was added to a 50-ml Falcon tube and 24 ml of diluted blood was gently overlaid. The tubes were centrifuged at 400 Â g for 30 min at 22°C. The cells were collected from the fluffy layer and washed with three volumes of HBSS, then centrifuged at 180 Â g for 10 min at room temperature. The cell pellet in the Falcon tube was resuspended in 18 ml of HBSS and 3 ml of the cell suspension was transferred into each of 6Â TV-10 tubes (Techno Plas, Australia). The cells were washed once more in HBSS and the cell pellet was resuspended in 1 ml of appropriate Se-supplemented culture medium containing 10% foetal bovine serum (FBS, Trace MultiCel, Australia). The concentration of cells was adjusted to 1 Â 10 6 cells/ml, then further diluted to obtain 6 ml of 1.5 Â 10 5 cells/ml suspension with appropriate culture medium according to the cell count results (using a Coulter counter, Model Z1, Beckman, Australia).
Culture medium
Se-met-supplemented culture medium was prepared using Se-deficient RPMI-1640 (Sigma, Australia) medium deficient in L-methionine, L-cystine, Lglutamine and Se, to which 10% FBS (Trace MultiCel) was added. Se concentration in FBS was 13 lg Se/litre and therefore effectively only contributed 1.3 lg Se/litre to the medium. L-glutamine (Sigma) and L-cystine (Sigma) were added to achieve final concentrations of 2.0 and 0.27 mM, respectively, to match with the components and concentrations in a standard RPMI-1640 recipe. The final total methionine concentration (either L-methionine or Se-met or a combination of both; Sigma) of 50 lM was chosen because it sustains cell division in vitro in long-term cultures and is close to the physiological range in plasma in vivo (20-30 lM) (16) . Using different Se-met/ methionine (without Se) ratios, it was possible to construct six different culture media that only differed in the content of Se and were otherwise identical in total methionine concentration (Se-met plus L-methionine content). Figure 1 ). Time of adding PHA was recorded on day 0. Cells were cultured in a humidified incubator at 37°C with 5% CO 2 (Sanyo MCO-17 A1C, Japan) for 6 days. On day 7, half of the culture medium was removed carefully without disturbing the cells and replaced with fresh culture medium with IL-2 and Se-met at the same concentration used on day 0. Cells were cultured for a further 2 days. These experiments were performed (once in duplicate) for lymphocytes from six different individuals. Cultured cells from wells of the same Se concentration were pooled together into a TV-10 tube on day 9 and the cell count was measured. CBMN-Cyt assay was performed on day 9 to assess genome damage of cultured lymphocytes. Based on an average cell cycle time of 17 h for lymphocytes grown in RPMI 1640 medium (21), we estimate that the dividing fraction of the cultures would have undergone $13 cell divisions over the 10-day culture period.
c-Ray-irradiation of cells Two aliquots of cell suspension were pooled from each of the six Se cultures and transferred into TV-10 tubes on day 9 in the morning. They were challenged with 1.5-Gy c-ray radiation at room temperature (22°C) using a CIS BIO International IBL 437 blood cell irradiator comprising three stationary 137 Cs doubly encapsulated radiation sources emitting c-radiation at 5.3 Gy/min. After irradiation, cells were incubated at 37°C for 30 min before adding Cyto-B. Control (untreated) cells were treated in the same way but were not exposed to c-rays.
CBMN-Cyt assay
Lymphocytes that were either unexposed or exposed to 1.5-Gy c-radiation on day 9 were resuspended in culture medium and cultured in the presence of Cyto-B (4.5 lg/ml) in TV-10 tubes (37°C, 5% CO 2 ) for 24 h. Cells were then harvested onto microscope slides using a cytocentrifuge (Shandon Products, UK). The slides were air-dried for 15 min, fixed in absolute methanol for 10 min and stained using Diff-Quik stains (Lab Aids, Australia). Slides were prepared in duplicate.
For each Se concentration/treatment/individual, a total of 2000 BN cells were scored for the presence of micronuclei (MN, biomarker of chromosome breakage or loss), nucleoplasmic bridges (NPB, biomarker of asymmetrical chromosome rearrangement) and nuclear buds (NBud, biomarker of gene amplification) (13) 
. The frequency of BN cells with MN (BN-MN), BN cells with NPB (BN-NPB) and BN cells with NBud (BN-NBud) was measured to determine genome damage indices.
Three hundred cells were scored and classified to determine ratios of mononucleate, binucleate, multinucleate, apoptotic and necrotic nuclei. These ratios were used to calculate percentage of necrotic and apoptotic cells as well as the nuclear division index (NDI). NDI was measured to determine cytostatic effects and the rate of mitotic division. NDI was calculated as follows:
where M1-M4 5 the number of viable cells with one to four nuclei and N 5 total number of cells scored (viable and non-viable).
Scoring criteria
All slides were coded prior to scoring by another person who was not working on this project. The scorer was therefore unaware of the treatment given to the cells when slides were examined. Scoring was carried out by a single scorer (J.W.) using a bright field microscope (Leica 20EB) at Â100 magnification under oil immersion. Criteria for scoring MN, NPB, NBud and apoptotic and necrotic cells were as described by Fenech (13) .
Statistical analysis
All end points measured in this study were tested for Gaussian distribution by using Kolmogorov-Smirnov test. Tests for comparing means of treatment groups were then selected accordingly, i.e. repeated measures one-way analysis of variance followed by Tukey's post hoc tests for data with Gaussian distribution and the non-parametric Friedman test followed by Dunn's multiple comparison test for data that did not exhibit Gaussian distribution. Trend tests for relationship of response variables with Se-met doses were also performed. A P , 0.05 was considered statistically significant. All the data are expressed as mean AE standard error. Tests were performed using Prism 4.0 (GraphPad, Inc., San Diego, CA) software.
Results

Plasma Se of volunteers
The characteristics of the volunteers are shown in Table I . The volunteers were healthy non-smoking males aged between 28 and 51 years (mean 42.7 years). The mean plasma Se was 145.2 AE 20.5 lg Se/litre, which indicated that on average the volunteers were replete in Se, assuming 120 lg Se/litre as the replete cut-off value based on cancer risk minimization (8). Effect of Se-met on cell growth and viability on days 9 and day 10 Cell concentrations of cultures on day 9 with various Se doses were significantly different with a peak at 31 lg Se/litre and an obvious marked decline at 1880 and 3850 lg Se/litre (P , 0.0001; Table II, Figure 2A ). Apoptosis was not markedly affected by Se concentration; however, there was a significant trend for more apoptosis as Se concentration increased up to 3850 lg Se/litre (P trend , 0.05; Table II, Figure 2B ). Necrosis increased sharply at 1880 and 3850 lg Se/litre relative to the lower concentrations (P , 0.0001; Table II, Figure 2C ). In cultures with high Se concentration (1880 and 3850 lg Se/litre), there were few cells actively undergoing cell division as evidenced by lack of BN cells and very low NDI values (NDI 5 1.03, 1.0, respectively). There was a significant trend of reduction in NDI (P , 0.0001) with increased Se concentration (Table II, Figure 2D ).
Effect of Se-met on baseline DNA damage For cultures exposed to high Se concentrations (1880 and 3850 lg Se/litre), it was not possible to determine the frequency of the DNA damage end points reliably as there were too few BN cells (,3% for 1880 lg Se/litre and 0% for 3850 lg Se/litre) due to strong cytotoxic and cytostatic effects.
MN-BN appeared to increase at Se concentration of 31 lg Se/litre relative to 3 lg Se/litre and then to decline to a lower level at 125 and 430 lg Se/litre, however, these changes were not significant. The results showed that Se concentration up to 430 lg Se/litre had no marked effect on BN-MN ( Figure 2E ).
There was a significant trend for a reduction in baseline frequency of BN-NPB (P for trend , 0.05) and BN-NBud (P for trend , 0.05) when Se concentration increased from 3 to 430 lg Se/litre ( Figure 2F-G (Table II) .
Effect of Se-met on c-ray-induced cytotoxicity and DNA damage To estimate the induced affects of c-irradiation on cytotoxicity and DNA damage ( Figure 3A-F) , we subtracted baseline values of control cultures from those of corresponding irradiated cultures (Table III) .
Se concentration did not affect the percentage of apoptotic cells in c-irradiated cultures. However, with increasing Se concentration, there was a significant trend of increase in the percentage of c-irradiation-induced apoptotic cells (P trend , 0.05; Figure 3A) .
Se at any concentration examined showed no protective effect against c-ray challenge in terms of induced BN-NPBs and BN-NBuds. The frequencies of induced BN-MN in the 30 lg Se/litre cultures were significantly greater than those in 3 lg Se/ litre (P , 0.05; Table III, Figure 3D ).
Discussion
The findings of this study suggest that Se-met in vitro (i) is cytotoxic at high concentrations (1880 lg Se/litre or above), (ii) may improve genome stability in lymphocytes at concentrations at the higher end of the physiological range (125-430 lg Se/litre) and (iii) has no protective effect against c-radiation-induced genome damage.
Although Se-met is an organic dietary form of Se, our in vitro studies suggest that it is cytotoxic to human lymphocytes at supraphysiological concentrations (!1880 lg Se/litre, 23.5 lM). Se-met cytotoxicity in human and murine cells in vitro varies depending on the cell type and culture conditions (22, 23) . This was indicated by markedly increased apoptotic and (22, 25) . However, a few studies showed that Se-met was essentially non-toxic to human liver and colon carcinoma cell lines up to 80-800 mg Se/litre (1-10 mM Se-met) (23, 26) . Se-met is known to be less cytotoxic than inorganic Se, such as selenite. It has been reported that selenite at concentrations of 480-800 lg Se/litre (6-10 lM selenite) is cytotoxic to human lymphocytes causing increased frequency of MN and inhibited cell division (27) (28) (29) . This may be due to increased oxidative stress and DNA strand breaks in cells induced by selenite (29-31). The mechanisms by which Se-met exerts its cytotoxicity are not fully understood. Under physiological conditions, Se-met can be incorporated into proteins in place of methionine (32) . Excessive Se-met in proteins may alter their essential biological functions by changing the redox status of enzymes, interacting with thiols and zinc metabolism (33) with consequent damage to living cells. This may partly explain the cytotoxicity effect of Se-met at the two highest concentrations tested in this study, where 50% and 100% of methionine was provided as Se-met. Se-met can be metabolized to selenocysteine (34, 35) , which is known to be highly reactive and several times more cytotoxic than Se-met (22) . At elevated cellular concentrations, selenocysteine can be randomly incorporated into proteins replacing cysteine (36) and might also contribute to Se cytotoxicity. It has also been suggested that the cytotoxicity of Se-met is superoxide mediated (36, 37) . Se-met metabolites, hydrogen selenide and methylselenol, can generate superoxide in the presence of methioninase and glutathione, resulting in overt consumption of intracellular reduced glutathione, increased oxidative stress and oxidative DNA damage, which lead to cell cycle arrest and apoptosis (38) (39) (40) . However, Se-met is more likely to be degraded through the selenocysteinehydrogen selenide-methylselenol pathway when methionine supply is sufficient (41) .
The L form of Se-met is a suitable substrate in Sadenosylselenomethionine (SeAM) synthesis and competes with methionine for the same methionine adenosyltransferase reaction in the living cells (22) . It has been shown that SeAM produced from Se-met can be decarboxylated and functions effectively as aminopropyl group donor in polyamine synthesis in K562 cells (human erythromyeloblastoid leukaemia cell line) (22, 42) . Se-met up to 800 lg Se/litre (10 lM Se-met) could replace methionine and support the growth of several cell lines in absence of methionine when cell concentration is low, i.e. 0.5 Â 10 5 /ml (43) . It is known that polyamines are essential for multiple cell functions including cell proliferation and chromatid/DNA stability (44) (45) (46) . Polyamine biosynthesis was not affected in L1210 cells cultured 48 h with 10.4 mg Se/litre (130 lM Se-met) of Se-met added in the medium (42) . In contrast, a study in human A549 and HT29 cells suggested that induction in apoptosis and perturbation in the cell cycle in Se-met-supplemented (5.2 mg Se/litre or 65 lM Se-met) culture medium may be due to depleted polyamine levels, as evident by the administration of spermine, which prevented Se-met-induced apoptosis (47) . The efficiency of polyamine biosynthesis may vary in these transformed cell lines. Nevertheless, all these studies showed that increased Se-met concentration in culture medium with or without decreasing the concentration of methionine induced a profound decrease in the S-adenosylmethionine (SAM) pool (22, 42, 43, 47) . SAM is utilized in almost 100 reactions which are of vital importance, such as in glutathione synthesis. Therefore, a decrease in the SAM pool may contribute to Se-met-induced cytotoxicity. This is supported by the fact that Se-met cytotoxicity increased by 1.5-to 4-fold in various cell lines when methionine concentration in culture medium was as low as 10 lM (22) . Although SeAM could replace SAM in the transmethylation reaction, altered SeAM/SAM ratio may still interfere with the methylation process performed by various methyl transferases. It has been shown that RNA synthesis, which is highly modified by methylation, decreased significantly after 48 h in R1.1 cells cultured with addition of 12.5 mg Se/litre (156 lM Se-met) Semet (22) . It has been reported that DNA cytosine methyltransferase activity was inhibited by Se compounds benzyl selenocyanate and 1.4-phenylenebis(methylene)-selenocyanate, as well as sodium selenite in dose-dependent manner in HCT116 human colon carcinoma cells (48) . In our study, total methionine concentration in culture medium was kept constant, while Semet concentration increased, L-methionine concentration decreased. Therefore, the effect observed in our study may also reflect the impact of decreased methionine and a reduction in SAM concentration, if the latter occurred.
The present study shows that increasing Se concentration from 3 to 430 lg Se/litre in the form of Se-met reduced genome damage in lymphocytes as indicated by the significant trend of reduction in the frequency of BN-NPB and the frequency of BN-NBud without increasing the frequency of MN. BN-NPB is a biomarker of DNA misrepair, chromosome rearrangement or telomere end fusion. BN-NBud is a biomarker of gene amplification that may be generated via bridgebreakage-fusion cycles initiated by NPBs from telomere end fusions (49) . The reduced frequency of NPBs and NBuds in cultured lymphocytes with increasing Se concentration might be a result of enhanced telomere stability. Recent studies have shown that supplementing culture medium with physiological doses of Se (40 and 200 lg Se/litre) as sodium selenite increased telomerase activity and extended telomere length in human L-02 hepatocytes in a dose-response manner when compared to the Se-deficient control (50, 51) . Therefore, increasing Se to 400 lg Se/litre in the form of Se-met might Table III . Cytotoxicity biomarkers and frequency of BN-MN, BN-NPB and BN-NBud on day 10 scored using CBMN-Cyt assay in cells exposed to c-irradiation (1. The effect of selenomethionine on genome stability also limit the rate of telomere shortening and the formation of dicentric chromosomes due to telomere end fusion (caused by telomere shortening), which are expressed as NPBs (52) . Semet could possibly reduce genome instability by modulating DNA repair at relatively high concentrations. Se-met at 16 lg Se/litre (200 nM Se-met) has no effect on excision repair in primary human keratinocytes (53) . However, pretreatment with 800 lg Se/litre (10 lM Se-met) Se-met for 15 h can elevate DNA repair response (54) in cells with normal functioning p53 (55) (56) (57) . It has been shown that Se-met at 5 lM increased ATR and CHK2 gene expression in human thyroid cell line (58) . ATR and CHK2 gene products are important cell cycle checkpoint proteins in genome integrity maintenance, which could prevent cells from going through mitosis until the damage is repaired. A recent study suggested that the frequencies of BN-NPB and BN-NBud are predictive of lung cancer risk (15) . Therefore, Se-met at the higher end of physiological concentration range may reduce susceptibility to BN-NPB and BN-NBud formation and possibly reduce lung cancer risk in populations with low Se status, such as smokers (59, 60) . However, further studies are needed to prove this potential protective effect of Se-met in vivo.
We did not observe a beneficial effect of Se-met on MN-BN frequency. This may be due to MN being generated as a result of chromosome breaks as well as lagging whole chromosomes. Because oxidative stress increases, MN formation in human lymphocytes (61, 62) and Se supplementation are expected to increase activity of selenoenzymes involved in antioxidant response (63) . It is reasonable to expect a reduction in MN caused by oxidative stress with increasing Se-met in the physiological range. On the other hand, as explained above some studies have shown a reduction in SAM production with increasing Se concentration in vitro. SAM is required for maintenance of methylation of repeat sequences at the centromere which is essential for centromere structural integrity and functionality (64) . It has been shown that hypomethylation of DNA induced by treatment with 5-azacytridine increases formation of MN (65) . It is therefore also plausible that Semet-induced DNA hypomethylation might increase MN formation. The two potential mechanisms described above which have opposing effects on MN formation may explain the apparent null effect on MN formation and could only be resolved in future studies by analysing MN for presence or absence of centromeric DNA to distinguish between MN originating from chromosome breaks or chromosome loss.
Another possible explanation for a null effect of Se-Met on MN frequency in our study is that cells with induced MN in the earlier stages of the culture period were at a disadvantage to further propagate. However, our previous studies with folic acid in 9-day cultures consistently showed a dose-related reduction in MN frequency which is due to the continuous generation of MN in those cells that can divide (66) . Even if cells with MN were at a disadvantage to divide those that could would still be susceptible to chromosome damage events if micronutrient status was suboptimal. Other studies suggest that a protective effect of Se on radiation-induced MN formation may be more evident in cell lines that do not adequately express GPx (67, 68) . Further studies with lymphocytes defective in this antioxidant enzyme may be more informative to test whether our observations are also applicable to such genetic subtypes.
The observation in our study that Se-met within the physiological range had no impact on DNA damage and cytotoxicity induced by ionizing radiation is somewhat unexpected given the known role of certain selenoenzymes such as GPx on attenuating the effect of ROS. However, our observations are consistent with those of Shin et al. (69) and Sandstrom et al. (70) , which showed no impact of Se-met or selenite on DNA damage induced by ionizing radiation and imply that increased activity of antioxidant selenoenzymes may have no role to play in modulating the effects of ionizing radiation in normal human cells.
In conclusion, Se-met may improve genome stability in lymphocytes at Se concentrations between 100 and 430 lg Se/ litre. However, Se-met can be cytotoxic at higher doses. Therefore, a cautious approach to Se supplementation is required to ensure that optimal genome stability is achieved without cytotoxic effects.
Funding
HarvestPlus, Washington, DC (8004 to G.H.L. and R.D.G.).
